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An orphan nuclear receptor, termed the pregnane X 
receptor (PXR), has recently been cloned from mouse 
and human and defines a novel steroid signaling path- 
way {Cell 92, 73-82, 1998; Proc. Natl. Acad. Sci. USA9S, 
12208-122313, 1998). Transient cotransfection experi- 
ments demonstrate that the PXR responds to structur- 
ally dissimilar compounds and confers the Induction 
of cytochrome P4503A (CYP3A), a subfamily of en- 
zymes that involve the metabolism of two- thirds of 
drugs and other xenobiotics. In this report, we de- 
scribe the molecular cloning, tissue distribution, and 
xenobiotic regulation of a rat PXR designated rPXR-1. 
rPXR-1 exhibits a 95% sequence identity with the 
mouse PXR. but only 79% identity with the human 
PXR. providing the molecular basis that rats and mice 
have a similar CYP3A induction profile but differ from 
humans. rPXR-1 gene was expressed abundantly in 
liver, intestine, and, to a lesser extent, kidney, lung, 
and stomach. The tissue distribution and the relative 
abundance of rPXR-1 mRNA among these tissues re- 
semble those of CYP3A, suggesting that PXR is impor- 
tant not only for induction but also for constitutive 
expression of these enzymes. Xenobiotics known to 
induce liver microsomal enzymes showed differential 
effects on the rPXR-l expression as determined by 
Northern blot analysis. Dexamethasone, for example, 
increased the accumulation of rPXR-1 mRNA, whereas 
troleandomycin slightly suppressed it. Compounds 
that increase PXR expression (inducers) and com- 
pounds that interact with PXR Oigands) likely have 
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synergistic effects on CYP3A induction, which pro- 
vides a novel molecular explanation for drug- drug 

interactions. « 19»9 Academic Press 

Key Words: pregnane X receptor; pregnane A recep- 
tor; orphan nuclear receptor; cytochrome P4503A 
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Cytochrome P450 (GYP)'' enzymes are a family of 
heme-containing proteins and rank first among the 
phase 1 biotransformation enzymes in terms of cata- 
lytic versatility and the number of xenobiotics they 
metabolize (1-3). Therefore, P450 enzymes determine 
the intensity and duration of action of drugs and play 
key roles in the detoxication and bioactivation of xeno- 
biotics. P450 enzymes are present in cill mammalian 
tissues with the highest concentration in liver endo- 
plasmic reticulums (3). In each mammalian species, 
four families of P450 enzymes with a total of -20 
members are involved in xenobiotic metabolism (4). 
Among them, cytochrome P4503A (CYP3A) enzymes 
are the most abundant P450 enzymes and involve the 
metabolism of two thirds of xenobiotics (4). 

Environmental factors are known to affect CYP3A 
activity by directly interacting with or regulating the 
expression of these enzymes (5-7). CYP3A enzymes 
have a broad substrate specificity; thus, most drugs 
may act as competitive inhibitors (2, 3). However, some 
drugs are shown to inactivate these enzymes by bind- 
ing to the catalytically important moiety irreversibly 
(8, 9). For example. CYP3A4 converts macrolide anti- 

^ Abbreviation use<l: AIDS, acquired immunodeficiency yynditime: 
CYP. cytochrome P450; DBD. DNA binding doinain; HIV. human im- 
munodeficiency virus: LBD, ligand binding domain; PXR, pregnane X 
receptor: SDS-PAGE, sodium dodecyl sulfate-polyacrylamiite gel elec- 
trofrfwresis; TAD, N-temiinai transactivaring domain. 
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blotics to metabolites that bind tightly to the heme 
moiety and permanently inactivate this enzyme, which 
accounts for the toxicity with terfenadine. Terfenadine 
is normally converted to an antihistaminic acid metab- 
olite by two steps of CYP3A4 oxidations. But coadmin- 
istration of macrolide antibiotics significantly elevates 
the plasma levels of terfenadine and leads to arrhyth- 
mias as a result of blocking cardiac potassium channels 
(10). Induction of CYP3A, like inliibition, may have 
profound clinical consequences. Chronic dosing with 
rifampicin, for example, markedly elevates CYP3A lev- 
els, which often results in a lower than expected 
plasma concentration of a drug, when this drug is a 
CYP3A substrate and is subsequently administered (5. 
6). Accordingly, the administration of a usual drug 
dosage regimen may be therapeutically ineffective. 

The induction of CYP3A enzymes is largely due to 
transcriptional activation (11. 12-14), Analyses of 
CYP3A promoters by DNase I footprinting locate a 
region that contains two copies of the AG (GAT) TC A 
motif. Recently, an orphan nuclear receptor designated 
the pregnane X receptor (PXR) has been cloned from 
mouse and human and shown to bind to this motif and 
confer CYP3A induction in response to the treatment 
with several xenobiotics (15-17). Structurally, PXR is 
similar to nuclear receptors, including a N- terminal 
transact ivating domain (TAD), followed by a DNA 
binding domain (DBD), and a C~terminal ligand bind- 
ing domain (LBD). The human and mouse PXRs have a 
96% sequence identity in the DBD regions. However, 
the LBD regions are much less identical (-75%). 
Northern analyses show that PXR is primarily ex- 
pressed in liver and intestine, two tissues that are 
known to contain high levels of CYP3A enzymes (15. 
16). 

In this report, we describe the molecular cloning, 
tissue distribution, and xenobiotic regulation of a rat 
PXR designated rPXR-1. rPXR-1 exhibits a 95% se- 
quence identity with the mouse PXR, but only 79% 
identity with the human PXR, providing the molecular 
explanation that rats and mice have a similar CYP3A 
induction profile but differ from humans. rPXR- 1 gene 
was expressed abundantly in liver, intestine, and. to a 
lesser extent, kidney, lung, and stomach. The tissue 
distribution and the relative abundance of rPXR-1 
mRNA among these tissues resemble those of CYP3A, 
suggesting that PXR is important not only for induc- 
tion and but also constitutive expression of these en- 
zymes. Several xenobiotics known to induce liver mi- 
crosomal enzymes showed dilTerential effects on the 
rPXR-1 mRNA levels. Compounds such as perfluoro- 
decanoic acid and isoniazid markedly increased the 
rPXR-1 mRNA levels. In contrast, compound such as 
troleandomycin slightly decreased the levels of rPXR 
mRNA. PXR inducers and ligands likely have syner- 



gistic effects on CYP3A induction, which provides a 
novel molecular explanation for drug- drug interac- 
tion. 

MATERIALS AND METHODS 

ChemJcaJa and supplies. 'Ilie rat liver cDNA library and the 
cDNA positive selection kit were purchased from GIBCO-BRL 
(Gaithersburg. MD). TRl REAGENT RNA extraction solution was 
from Sigma Chemical Co. (Sr. Lxjuis, MO), Kits for in v/Yro transcrip- 
tion/translation or pricner extension lalx^ling were from Pi^mega 
Corporation (Madison, WI). The isothermal DNA sequencing kit was 
purchased from Epicentre Technology Inc. (Cleveland, OH). ["S|Me- 
thionine was purchased from NEN Life Science Products (Boston, 
MA), Sprague-Dawley raLs (8-10 weeks old) were purchased from 
Charles River (Wilmington, MA). Chemicals used to treat rats were 
described elsewhere (18). Unless otherwise indicated, all other re 
agents were purchased from Fisher Scientific (Pirtsburgh, PA). 

KfolvculiU' cloning of rPXR-l. Molecular cloning was conducted 
with a cDNA-trapping procedure as described previously (19). 
Briefly, double-stranded phagemld DNA was isolated from a rat liver 
cDNA library and converted to ssDNA by a sequential digestion with 
Gene 11 and Exo III- The ssDNA was denatured at 95''C for 1 min and 
chilled in ice for 1 min. An oligonucleotide (ACAGTGGCTGTGA- 
CCTTCCAG) based on the sequence of mouse PXRl was synthesized 
by Genemed Synthesis, Inc. (South San Francisco. CA). The oligo- 
nucleotide (3 pug) was then biotinylated in a total volume of 25 ^1 with 
biotin-14-dCTP and terminal deoxynucleotidyl transferase. Hybrid- 
ization between the ssDNAs (2.5 ^tg) from the liver library and the 
biotinylated oligonucleotide (20 ng) was conducted at ^TC for 1 h 
with the hybridization buffer provided with the kit. The hybridized 
ssDNAs were then captured by streptavidin-coated beads and re- 
paired by a thermostable polymerase. The repaired ssDNAs were 
then transformed into HBlOl bacteria. For sequencing, the phage- 
mid DNA was isolated witli a Spin Mini-prep kit (Qiagen, Inc., 
Chatswoith. CA) and sequenced with an Isothermal Sequencing kit. 
The initial sequences of the 3' and 5' ends were detemnincd by vector 
primers as described previously (20). The complete sequence was 
determined by Genemed S>'nthesis, Inc. (South San Francisco, CA) 
based on the use of vector/internal synthetic primes on both strands. 

In vitro transcription/translation. Rat PXR was synthesized with 
the TNT rabbit reticulocyte lysate coupled in vitro transcriptiony 
translation system (Promega, Madison, WI), essentially as described 
by the manufacturer. Rat PXR-1 plasmid (0..5 /Lg) was added to 24 /xl 
reaction mixture containing 12.5 reticulocyte lysate, methionine- 
minus amino acid mixture (40 /iM each). 20 units of RNasin. and 1 ^1 
of [*'S)methionine (1.200 Ciymmol at 10 mCl/ml). The reaction mix- 
ture was incubated at HO'C for 90 min and chased with cold methi- 
onine at a final concentration of 40 ;xM for 30 min, The reaction was 
terminated by adding an equal amount of 2x SDS-PAGE sample 
buffer (20% glycerol, 2% SDS, 0.025% bromophenol blue. 62.5 mM 
Tris-HCl ar pH 6.8. 5% 2-mercaptoethanol). The in i^fro translated 
products were denatured at SS'C for 3 min and subjected to SDS- 
PAGE. The synthesized rat PXR-1 was detected by autoradiography. 

Animal tre^atment. To examine the effects of microsomal enzyme 
inducers on the expression of rat PXR. Sprague-Dawley rats (5 per 
group) were treated as described previously (18). Mature female rats 
received once daily injections of troleandomycin (500 mg/kg) or saline 
(5 mUkg) for 4 c-onsecutive days. Mature male rats were Injected ip 
once dally with phenobarbital (80 mg/kg), isoniazid (200 mg/kg), 
clofibric acid (200 mg^ltg), ^-naphthoflavone (100 mg/ml), 3 methyl - 
cholanthrcne (27 mg/kg), pregnenolone- ISa-carbonitrile (50 mg/kg), 
or dcxamethasone (50 nig/kg). The first three inducers were dis 
solved in saline, whereas tlie others were dissolved or suspended in 
corn oil. Perfluorodecanoic acid (40 mg/kg) was dissolved in com oil 
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and administered as a single ip injection to male rats. All rats were 
housed in an AAALAC-accredited facility and allowed free access to 
Purina Rodent Ciiow 5001 and water. 

Northern hhning. Total RNA from control or xenobiotic- treated 
Sprague-Dawley adult rats was isolated with a TRl REAGENT RNA 
extraction solution according to the instruction by the manufacturer. 
RNA samples from each group of rats were pooled and the concen- 
tration was determined from the absorbance at 260 nm, with 1 O.D. 
unit equal to 40 /Ag/ml. Total RNA (20 ^g) was fractionated hy 
electrophoresis in 1.2% agarose gels containing 2.2 M formaldehyde. 
Fractionated RNA was blotted to a Nytran nylon membrane (Schlei- 
cher & SchuelJ. Keene. NH) with a vacuum-blotting system (Phar- 
macia, Piscataway. NJ) as described previously (20). Tlie membrane 
was incubated overnight in 5 ml of hybridization buffer (250 mM 
sodium phosphate buffer, pH 7.2, 1 mM EDTA. 7% SDS, and 0.01% 
bovine serum albumin) containing a ^*P- labeled cDNA probe (-2 X 
10^ cpm). The hybridization was conducted at 68'C in a rotating 
oven. The cDNA probe was preparwl by radiolabeling the rat PXR 
(only the insert) with a Prime -a -Gene system as described previously 
(20). After hybridization, the membrane was washed at eS'C for 1 h 
in hybridization buffer (2 X 30 min) and for 1 h In 40 mM sodium 
phosphate buffer. pH 7.2, containing 1 mM EDTA and 0.5% SDS (2 x 
30 min). A Kodak X-OMAT X-ray film was exposed to the membrane 
at -70''C with the aid of a DuPont Cronex Lighting intensifying 
screen until an appropriately exposed autoradiogram was obtained 
(—4 day.s). To normalize the abundance of 283 rRNA containe(l in 
each sample, the same membrane was stripped by boiling 2X15 min 
and reprobed with an oligonucleotide (hybridize with 28S rRNA) 
'^P-radiolal>eled witfi T4 polynucleotide kinase as described previ- 
ously (20). 

RESULTS 

Molecular Cloning of rPXR-1 

Based on a recent report on the cloning of mouse 
PXR (15), an oligonucleotide was synthesized and blo- 
tinylated. The biotinylated oligonucleotide was then 
used to screen a rat liver cDNA library with a Gene- 
Trapp cDNA Positive Selection System. Screening of 
this library yielded —100 individual clones, and 16 of 
them were sequenced at the 5' and 3' ends. Sequencing 
analysis revealed that four of these clones contained 
inserts that had a high degree of sequence identity 
with the mouse PXRl. The largest clone, designated 
rPXR-1, was completely sequenced. As shown in Fig. 1, 
rPXR-1 spanned 1734 bp and contained an open read- 
ing frame encoding 431 amino acids, followed by a 
termination codon (TGA). rPXR-1 had 217 and 220 
nucleotides of untranslated sequences at both the 5' 
and 3' ends, respectively. The 3' untranslated region 
contained a polyadenylation signal (AATAAA), and a 
poly{A) tail began 1 5 bp after this signal. 

Like its counterpart in mouse and human (15-17), 
rat PXR has three functional domains: TAD, DBD, and 
LED. Overall, rat and mouse PXRs exhibit a higher 
sequence identity (—90%) than with the human PXR 
(-80%) at both nucleotide and amino acid levels (Fig. 
2). The DBD (amino acid 38-104) is highly conserved 
and has a >95% sequence identity among three PXRs, 
suggesting that they interact with the same or a sim- 



ilar DNA response element. In contrast, the LBD 
(amino acid 138-431) is relatively diverse and has a 
—78% sequence identity, suggesting that they have a 
different ligand specificity (Fig. 2). 

In Vitro Transcription/Translation 

The rat liver cDNA library was constructed with the 
phagemide SPORT vector, which had a cytomegalovi- 
rus (CMV) promoter for eukaryotic expression and 
SP6/T7 promoters for prokaryotic expression. In order 
to determine the translated products of rPXR-1, an in 
vitro translation experiment was conducted with a 
TNT rabbit reticulocyte lysate coupled in vitro tran- 
scription/translation system. As shown in Fig. 3, 
rPXR-1 yielded three major products with a molecular 
weight of 58-, 51-, and 42-kDa, respectively. The 51- 
kDa protein was the dominant product, but significant 
amounts of the 58- or 42-kDa protein were produced. 
Use of a smaller amount of rPXR-1 plasmid or longer 
incubation for reaction chase with cold methionine 
caused little change in the ratio of the abundance 
among these three products (results not shown). The 
58-kDa protein was likely resulted from posttransla- 
tional modification or translationally initiated from 
non-AUG codons upstream of the AUG codon indicated 
in Fig. 1. The 42-kDa protein, on the other hand, rep- 
resented translation initiation at methionine-69. a 
codon surrounded by a favorable Kozak sequence (22). 
The 42-kDa protein had an intact LBD but a truncated 
DBD; thus, this protein likely binds to the ligands but 
confers little transactivation activity. 

Tissue Distribution ofrPXR-1 

The tissue expression pattern of rPXR- 1 was deter- 
mined by Northern blot analysis. Total RNA was iso- 
lated from various tissues of adult male rats. rPXR-1 
was expressed abundantly in liver, intestine, and. to a 
lesser extent, kidney, lung, and stomach (Fig. 4), This 
distribution of rPXR-1 differs from that of hPXR but 
resembles that of mPXR { 1 5- 1 7) . In contrast to mPXR. 
rPXR-1 mRNA was relatively abundant in kidney, 
lung, and stomach based on its abundance in liver and 
intestine. Such differences likely resulted from the 
sample preparation. Poly(A) RNA was used to deter- 
mine the tissue distribution for mPXR, whereas total 
RNA was used for rPXR-1. Selection of poly (A) RNA 
was based on polyadenylation. Differences in polyade- 
nylation processing on PXR mRNA among these tis- 
sues probably caused a disproportlonal enrichment 
during poly (A) RNA preparation. In addition, rPXR-1 
mRNA resembles CYP3A enzymes in both tissue dis- 
tribution and relative abundance among these tissues, 
suggesting that PXR is important not only for indue- 
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Asp 


Arg 


Pro 


Gly 


Val 


Val 


Gin 


Arg 


Ser 


Val 


358 


GTA 


GAC 


CAG 


CTG 


CAG 


GAG 


CGA 


TTT 


GCC 


CTC 


ACC 


CTG 


AAG 


GCC 


TAC 


ATC 


GAG 


TGT 


1345 


Val 


Asp 


Gin 


Leu 


Gin 


Glu 


Arg 


Phe 


Ala 


Leu 


Thr 


Leu 


Lys 


Ala 


Tyr 


He 


Glu 


Cys 


376 


AGT 


CGG 


CCC 


TAT 


CCT 


GCA 


CAC 


AGG 


TTC 


CTG 


TTC 


CTG 


AAG 


ATC 


ATG 


GCT 


GTC 


CTC 


1399 


Ser 


Arg 


Pro 


Tyr 


Pro 


Ala 


His 


Arg 


Phe 


Leu 


Phe 


Leu 


Lys 


He 


Met 


Ala 


Val 


Leu 


394 


ACC 


GAG 


CTG 


CGC 


AGT 


ATC 


AAT 


GCC 


CAG 


CAG 


ACC 


CAG 


CAG 


CTA 


CTG 


CGC 


ATC 


CAG 


1453 


Thr 


Glu 


Leu 


Arg 


Ser 


He 


Asn 


Ala 


Gin 


Gin 


Thr 


Gin 


Gin 


Leu 


Leu 


Arg 


He 


Gin 


412 


GAC 


ACG 


CAC 


CCC 


TTT 


GCC 


ACA 


CCT 


CTC 


ATG 


CAG 


GAG 


TTA 


TTC 


AGC 


AGC 


ACG 


GAC 


150? 


Asp 


Thr 


His 


Pro 


Phe 


Ala 


Thr 


Pro 


Leu 


Met 


Gin 


Glu 


Leu 


Phe 


Ser 


Ser 


Thr 


ASD 


430 


GGC 


TGA 




GTGGCTGCCCCTGAGTGGAGATCTCACGGAGCAGCCAGACCCAGATGTTCTGAATTCC 


1571 


Gly 


♦ * * 


































431 



^. — . . . ^. , w .s,. -v. . 1 j-u-kv-nj^ iv^«_ «\„ 1 V3 i.\. i\»v_ Aiivj'i'VKjU'rAGCATTTCT 1642 

CAGGAAAAGGACACAGGAGCTCAGCCTGTGGAAAGTGCTGGCCTAGAAATTAGACCATCTCTGTGGTTGGG 1713 



AAXAAACCrrCAAATCCTGCTAAAAAAAAAAAAAAAAAAAAA 



175S 



FIG. 1. Nucleotide sequences and predicted amino acid sequences of rPXR-1. Both nucleotide and predicted amino acid setjuences are 
countered on both sides. Ilie amino acid is numbered l>eginnlng with the first UAG codon, which yields the 51-kDa protein (Fig. 2). The 
polyadenylation signal is underlined. The Accession No. i,s AFJ 06005. 
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rPXR-i MRPEERWNHV GLVQRBEADS VLEEPIMVDE EDGGLQICRV CGDKANGYHF NVMTCBGCKG 60 
mPXr-i »****S*SR* ♦♦**c***** a*******E* *•••*♦♦♦** ********** ********** gQ 
hPXR V**K*S***A DFVHC*DTE* *PGK*SVN** *v**P***** ♦****x**;^* ********** 53 

rPXR-1 PFRRAMKRWV RLRCPPRKGT CEITRKTHHQ CQACRLRKCL ESGMKKEKIU SDAAVBQRRA 120 
nPXR-l ********** ********** ********** ********** ********** ********** j^20 
hPXR ******.**A ******.**A ********** **E***E*** 123 



rPXR-1 LIKRKKREKI EAPPPOGCJGL TEEQQALIQE LMEAQMCnTO TTFSHFKDFR LPAVFHSDCE 160 
mPXR-1 •****•"** ********** ***** ****** ****.*,,** , ^g., 

hPXR ******s*IiT GTQ*I**V*** ****RMM*R* ***«**k*** •******^*» **o*L5*0** 163 



rPXR-l LPEVUJASLL KDPATWSOIM KDSVPMKISV QLROEDOSIW NYQPPSKSDG KBrrPLLPHL 240 
mpxr-i ***f»***** ********** **j^******|^ ********** ********** ********** 240 
hPXR ***S***PSR •EA.*K***VR **U:SLKV*L ********v* **K**AD*G* ***FS****M 243 

rPXR-i ADVSTYMFKG VINFAKVISH FRELPIBDQI SLLKGATFEM CILRFNTMFD TETOTWBCOR 300 
»PXR-i ********** *********Y **D******* ********** ********** ********** 
hPXR **M******* i*s******Y **D******* ******A**L *Q****»V*N A********* 303 



rPXR-1 LAYCFEDPNG GFQKLLLDPL MKFHCMLKKL QLREEEYVLM QAISLFSPDR PCJWQRSWD 360 

™pxr-i ****** ***** ********** .*„j^****** ********** ********** 

hPXR *S**L**TA* ***Q***E*M L***y**** **H**** ****** ***l*hR*** 363 



rPXR-l QLQERFALTL KAYIECSRPY PAHRFLFLKI MAVLTELRSI NAQQTQQLLR IQDTHPFATP 420 
mPXR-1 ********** ********** ********** ****«♦«♦** ********** ♦**s****** 
hPXR ****Q**i** *s****N**Q ********** **M******* ***H**R*** ***i****** 

rPXR-1 LMQELFSSTD G 
mPXR-l ********** * 

hPXR ♦*****GI*G S 434 

Comparison of the deduced amino acid sequf^nces of rPXR-1 . mPXRI . and hPXR. Amino acids are shown in single letters. The tAp 
middie. and bottom lines show the deduced amino add sequences of rPXR-I . mPXR (15), and hPXR (17). respectively. Deletions of Leu. GluV 
and Aiaii! m hPXR are introduced for maxlmuni alignment. hPXR is identical to hPAR-1 (16). 



tion and but also for constitutive expression of these 
enzymes (7, 24, 25). 

Effects of Xenobiotic Treatment on the Levels 
ofmRNA Encoding rPXR'l 

Several xenobiotics known to induce liver CYP450 
enzymes were examined for their ability to regulate the 
levels of mRNA encoding rPXR-1. These results are 
shown in Fig. 5. The CYPIA inducers. /3-naphthofla- 
vone and 3-methylchoIanthrene. slightly increased the 
rPXR mRNA levels. Similarly the classic CYP2B in- 
ducer, phenobarbital, caused a slight increase in the 
rPXR mRNA levels although this inducer is known to 
moderately induce CYP3A (3). The CYP2E inducer, 
isoniazid, significantly increased the rPXR mRNA lev- 
els. The CYP3A inducers, dexamethasone, pregneno- 
lone- 16a carbonitrile, and troleandomycin, had differ- 
ential effects. The fonner two compounds moderately 
increased the accumulation of rPXR-1 mRNA (1- to 
3-fold), whereas the third compound slightly decreased 
it. The CYP4A inducers, clofibrate and perfluoro- 



decanoic acid, which are known as peroxisome prolif- 
erators, caused a 2- and 10-foId increase in the accu- 
mulation of rPXR-1 mRNA, respectively. Some perox- 
isome proliferators are found to moderately induce 
CYP3A enzymes (26). The induction of rPXR-1 by iso- 
niazid is clinically significant. HIV-positive patients 
usually receive antiviral therapy (e.g., protease inhib- 
itors) and at the same time receive isoniazid and ri- 
fampicin to prevent pulmonary tuberculosis (27). Ri- 
fampicin is a potent CYP3A inducer in humans and 
most protease inhibitors are metabolized by CYP3A 
enzymes (27). Therefore, coadministration of isoniazid 
and rifampicin may cause synergistic induction on 
CYP3A enzymes, which rapidly eliminate protease in- 
hibitors and lower the effectiveness of antiviral ther- 
apy 

DFSCUSSiON 

CYP3A enzymes involve the metabolism of more 
than two-thirds of drugs and other xenobiotics. Induc- 
tion of CYP3A enzymes is known as an important 
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-58 kDa 
•51 IdDa 

-42 kDa 



1 2 

1 =: Lysate 

2 - Lysate + rPXR 

FIG. 3. In vitro ti anscription/translation of rPXR- 1 . Rat PXR plas- 
mid (0.5 /ig) was added to 24 p-1 reaction mixture containing 12.5 
reticulocyte lysate, methionine-minus amino acid mixture (40 
each), 20 units of RNasin. and 1 }i\ of P'Slniethionine (1200 Ci/mmol 
at 10 mCiyml). The reaction mixture was incubated at 30*C for 90 
min and terminated by adding an equal amount of 2x SDS-PAGE 
sample buffer. The in vitro translated products were denatured at 
95°C for 3 min and subjected to SDS-PAGE. The synthesized rat 
PXR was detected by autoradiography. 



contributing factor to failed drug therapy or severe 
toxicity as a result of drug- drug interaction or bioac- 
tivation. The induction of CYP3A enzymes is largely 
due to transcriptional activation (9, 10). Analyses of 
CYP3A promoters locate a region upstream to the tran- 
scriptional initiation site that contains two copies of 
the AG(G/T)TCA motif, a characteristic binding motif 
of many nuclear receptors that include the receptors 
for thyroid hormone, vitamin D3. retinoic acid, and 
9- c/5- retinoic acid, and the orphan receptors (31, 32). 
Recently, an orphan nuclear receptor designated PXR 
has been cloned from mouse and human and shown to 
bind to this motif and confer CYP3A induction in re- 
sponse to the treatment with several xenobiotics (15- 



17). In this report, we describe the molecular cloning, 
tissue distribution, and xenobiotic regulation of the rat 
counterpart: rPXR-1. 

One of the features regarding CYP3A induction is 
the marked species differences. Rifampicin. for exam- 
ple, causes CYP3A induction by as much as 10-fold in 
humans (33). In contrast, this antibiotic causes only 
moderate induction (—2-fold) in mice when a dose of 40 
mg/kg is given once daily for 3 days (34). Rats are far 
less sensitive to the induction by rifampicin. No induc- 
tion was observed when a dose of 200 mg/kg was given 
once daily for 7 days (35). Transient cotransfection 
experiments demonstrate that the mouse PXR confers 
2-fold induction and the human PXR confers 7-fold 
induction in response to rifampicin, suggesting that 
PXR is largely responsible for the species differences 
(15-17). The DBD is highly conserved among the 
PXRs; thus, the species difference is likely due to the 
differences in the LBD. Alignment analysis reveals 
that rPXR has only nine amino acid substitutions com- 
pared with the mouse PXR in the LBD (Fig. 6), and 
they are likely responsible for the lower responsiveness 
of rats to rifampicin. Compared with the human PXR, 
five of the nine amino acids in mouse PXR are con- 
served in human PXR (in bold), and the remaining four 
residues. Phe,B^. Argzoa. I-ySsn. and Ser4n. are substi- 

rPXR-1 




28 S 





2.4 Itb 



1 



5 



1 = liver 2 - stomach 3 =t intestine (small and large) 4 =: lung 

5 = kidney 6 ~ spleen 7 = heart 8 - brian 9 = testis 

FIG, 4. Tissue distribution of mRNA encoding rPXR-l. The tissue 
distribution of ml^A encoding rPXR-1 was determined by Northern 
blotting, as described under Materials and Methods. Total RNA was 
isolated from liver, kidney, intestine, testis, lung, heait, brain, 
spleen, and stomach from 12-week-old male Sprague-Dawley rats. 
Tissue RNA fit)m five rats were pooled, and an aliquot (20 ^ was 
subjected to 2.2 M formaldehyde-agarose gel electrophoresis and 
transferred to a Nytran nylon membrane with a vacuum-blotting 
system. The mRNA encoding rPXR-I was detected with "P-labeled 
cDNA prolw. 




I 2 3 4 5 6 7 8 9 JO n 

I =BNF 2 = 3-MC 3=:PB 4=:INH 5 = DEX 6 « PCN 
7 = TA0 8 = CL0F 9 = PFDA 10 = saliiie ll^comoil 

FIG. 5. ElTects of treating Sprague-Dawley rats with various xe- 
nobiotics on the levels of mRNA encoding rPXR-1. Male rats (10- 
weeks old, five per group) and female rats (troleandomycin only) 
were treated witfi various xenobiotics at dosages known to induce 
liver microsomal cytoclirome P450. as desaibed under Materials and 
Methods. Pooled total RNA (20 ptg) was subjected to 2.2 M formal- 
dehyde-agarose gel electrophoresis and transferred to a Njtran ny- 
lon membrane with a vacuum-blotting system. The mRNA encoding 
rPXR-1 was detected with *'P-lalwled cDNA probe. To nonnatize the 
abundance of 28S rRNA contained in each sample, the membrane 
was stripped by boiling 2X15 min and reprobed with a ^''P-Iabcled 
oligonucleotide as described previously (20), which is shown at the 
bottom. 
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rPXR-1 



mPXR-l 



414 



hPXR 



336 



417 



FIG. 6- Substitutions of amino acids in the ligand binding domain between rPXR- i and mPXR- 1 . The amino acid sequences deduced for the 
ligaiid binding domain of rPXR- 1 (top), mPXR-1 (middle), and hPXR (bottom) are representefJ by solid lines. Ilie substitutions of amino acids 
between rPXR-l and niPXR-1 arc specified. The substitutions that are conserved in hPXR arc in bold. The deduced amino acids of rPXR are 
based on this report, while those for mPXR and hPXR are based on the reports by Kliewer et al. (15) and Lehmann ct aJ. (17), respectively. 



tuted by Ser+n- Leugoa, Glu3a4, and Ile^n. respectively 
(Fig. 5) . The five amino acids conserved between mouse 
and human PXRs likely support the interaction be- 
tween PXR and rifampicin. which, in turn, supports 
CYP3A induction. The remaining four substitutions 
(Phe/Seri84, Arg/Leujos. Lys/Gluga^, and Ser/lle4,4) re- 
sult in drastic changes in either hydrophobicity, the 
net charge, or both. Thus, these substitutions likely 
contribute to the lower responsiveness of mice to rifam- 
picin compared with that of humans (Fig. 6). 

The second feature regarding CYP3A induction is the 
structural diversity of inducers (3). CYP3A inducers 
include a wide range of drugs such as anticonvulsant 
agents (e.g., phenytoin). antibiotics (e.g.. rifampicin 
and erythromycin), imidazole antifungals (e.g., clo- 
trimazole), barbiturates (e.g., phenobarbital), choles- 
terol-lowering agents (e.g., lovastatin), and steroids 
(e.g., dexamethasone) . Both glucocorticoids and anta- 
glucocorticoids are shown to induce CYP3A (6. 7). Some 
pesticides such as ^ra/75-nonachlor are also inducers of 
CYP3A enzymes (8). Some of these compounds have 
been assayed in transient transfection experiments 
with the mouse or human PXR and have been shown to 
increase the activity of the reporter enzyme (15-17), 
suggesting that these compounds are PXR ligands. In 
this report, we present evidence that some xenobiotics 
such as PFDA actually increase the rPXR-1 mRNA 
levels (Fig. 5), and presumably increase the levels of 
the rPXR-1 protein as well. PFDA belongs to a family of 
peroxisome proliferators, and some of these compounds 
are weak inducers of CYP3A enzymes (26). VVhether 
PFDA induces CYP3A in the dose described here re- 
mains to be determined. Nevertheless, the increased 
expression makes the PXR available for endogenous or 
xenobiotic ligands and causes CYP3A induction. 
Therefore, xenobiotics may induce CYP3A enzymes by 



acting as PXR inducers, PXR ligands, or both. This 
classification provides a molecular explanation for the 
structural diversity of CYP3A inducers and a novel 
mechanism that contributes to drug- drug interac- 
tions. 

The third feature regarding CYP3A induction is in- 
terindividual variation. Rifampicin, for example, 
causes an increase in CYP3A expression by as much as 
10-fold in some cultures of primary hepatocytes. How- 
ever, in other cultures, induction is not apparent and 
even suppression is observed (36). Hepatocyte cultures 
that respond well to some CYP3A inducers may not 
necessarily respond to other CYP3A inducers. For ex- 
ample, hepatocytes from two individuals have a similar 
responsiveness to pregnenolone- i6a-carbonitrile, but 
exhibit a 3-fold difference in response to rifampicin 
(36-38). Several possibilities may contribute to these 
variations. First, a polymorphism in human PXR may 
exist. As shown in Fig. 6, a few amino acids likely 
determine the responsiveness to rifampicin-mediated 
induction, and one or more substitutions of these res- 
idues may have a profound effect on CYP3A induction. 
Second, multiple forms of PXR resulting from alterna- 
tive splicing or the existence of multiple genes have a 
different ligand specificity, and the relative levels of 
each form determine the overall induction by an in- 
ducer. Variants have been identified in both humans 
and mice (15, 16). The mouse variant, compared with 
the mPXR-I, is a much weaker transactivator in re- 
sponse to a panel of CYP3A Inducers. Finally, we have 
demonstrated with in vitro transcription/translation 
assays that rPXR-1 produces three distinct products 
(Fig. 3), and a similar observation has been made with 
hPXR-1, The relative amount of each translated prod- 
uct likely affects the overall induction of CYP3A in 
response to an inducer. 
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In addition to pharmacological and toxicological sig- 
nificance, CYP3A induction likely has physiological 
relevance. Glucocorticoids, for example, are tK>th sub- 
strates and inducers of CYP3A enzymes (3, 7). How- 
ever, a 100-fold greater concentration of these com- 
pounds is required to elicit a maximum CYP3A induc- 
tion than is required to activate the glucocorticoid 
receptor (primary physiological function) (15-17. 37, 
39). Such high concentrations required for CYP3A in- 
duction are usually seen in stress situations. High 
levels of glucocorticoid hormones have been found to 
cause tissue injury (40-42). In mice, stress-induced 
glucocorticoids markedly increase apoptotic rate of im- 
munocytes (-- 5-fold) in the spleen (43). Induction of 
CYP3A by stress levels of glucocorticoids likely expe- 
dites the elimination of these hormones and prevents 
further tissue injury. Therefore, the PXR-mediated 
CYP3A induction provides a metabolizing feedback 
loop for corticosteroids, and plays a key role in: main- 
taining steroid hormone homeostasis. 

In summary, we report the molecular cloning, tissue 
distribution, and xenobiotlc regulation of a rat PXR. 
The rat PXR is highly similar to mouse PXR-1 and 
differs from human PXR. particularly in the ligand 
binding domain. The similarity of rat PXR with mouse 
PXR in conjunction with its difference from human 
PXR provides a molecular basis regarding the species 
differences in CYP3A inducUon. PXR and CYP3A en- 
zymes share a similar tissue expression pattern, sug- 
gesting that PXR is important not only for the induc- 
tion but also for the constitutive expression of CYP3A 
enzymes. The expression of PXR can be regulated by 
xenobiotics. therefore, drugs or other xenobiotics in- 
duce CYP3A enzymes by acting as PXR inducers, PXR 
ligands or both. PXR ligand and PXR inducers may 
have synergistic effects on CYP3A induction, providing 
a novel mechanism for drug- drug interactions. Such 
interactions are particularly relevant to the therapy of 
AIDS patients. HIV-positive patients usually receive 
antiviral therapy (e.g., protease inhibitors) and, at the 
same time, receive isoniazid and rifampicin to prevent 
pulmonary tuberculosis. Rifampicin is known as a po- 
tent CYP3A Inducer (PXR ligand) in humans and most 
protease inhibitors are metabolized by CYP3A en- 
zymes. We demonstrate in this report that isoniazid 
causes a drastic induction of rPXR-1. Therefore, coad- 
ministration of isoniazid and rifampicin may cause 
synergistic induction on CYP3A enzymes, which rap- 
idly eliminate protease inhibitors and lower the effec- 
tiveness of antiviral therapy. 
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